Introduction
Epitaxial silicon wafers, used widely in the semiconductor industry, are grown by a chemical vapor deposition (CVD) process in which reactant species from gas phase deposit on a hot silicon wafer surface (1) . Prior to the epitaxial silicon deposition process, the wafer is guided into a CVD reactor and loaded onto a susceptor. It is observed that when the silicon wafer is guided onto the susceptor, the wafer either instantly relaxes, or it undergoes a severe structural deformation and then relaxes, depending on the temperature distribution within and between the wafer and the susceptor. For the conditions when the wafer does not instantly relax on contact with the susceptor, there are some detrimental defects observed on the wafer after the epitaxial silicon deposition. Specifically the defects originate due to the severe mechanical contact of the wafer with the hardware components in the reactor, such as the susceptor, during the deformation time period. These defects are yield killers and are totally unacceptable for semiconductor device processing.
The underlying transport processes governing the structural deformation/relaxation of the wafer on contact with the susceptor is complex. When the wafer enters the epi reactor, it is much colder than the reactor environment. The lamp grid above and below the susceptor plate heats up the wafer primarily via radiation (Figure 1 ), while the heat transfer between the wafer, susceptor and ring occurs primarily via conduction and radiation. The incoming reactive gas mixture establishes a convective heat transfer profile in the chamber, which exchanges energy with the wafer, susceptor and ring. In turn, the wafer responds to this complex, three-dimensional and developing temperature profile and undergoes transient structural deformation. Owing to the interplay of these complex heat transfer and structural phenomena, the problem is rendered non-linear and fully coupled.
The commercial importance and topicality of the problem demands detailed theoretical analysis, which is attempted in this work by decomposing the problem into component sub-problems. The entire transient structural deformation and relaxation phenomena is considered to consist of a series of pseudo-stationary temperature-stressstrain fields. Thus, analyses of limiting steady-state cases have been considered to provide insights into the underlying dynamics. The power profile of the lamps from an actual laboratory epi reactor has been incorporated for realistic analysis. In this paper, structural modeling results will be mainly discussed. The coupled thermal and structural simulation results will be topics of discussion in our future publications. 
Structural Modeling
The objective of the structural analysis is to determine the magnitude of wafer deflections due to the impact of thermal and the gravitational force fields. For deflections that are of the order of the wafer thickness, the in-plane forces are significant. For such cases, the use of an extended plate theory which accounts for the effects created by the large deflections is necessary (2, 3). The assumptions made for developing the structural model using the large deflection theory are:
• Isotropic mechanical properties of the silicon wafer • Elastic behavior as per Hooke's law • Deformation due to transverse shear strain is negligible • Stresses normal to the middle surface are negligible • Rotary inertia effects are negligible
The thermal model is first solved to determine the temperature distribution in the wafer on the assumption that the temperature field is not affected by the structural deformation of the wafer. After solving thermal model, the temperature field of the wafer is superimposed on the structural model for determining the induced thermal stresses and wafer deflection. All the thermal and structural models are implemented in ANSYS Multiphysics ® software. The iterative method for finding the surface temperature of wafer, including convective effects, is through a code written by us and implemented in Matlab ® .
Results and Discussion
From experimental and thermal simulation work, it is observed that the wafer can experience temperature gradients of the order of ± 20°C under certain process conditions. In order to determine the magnitudes of the stress fields and wafer deflections, a linear radial temperature gradient is imposed on the wafer, with the notation (in reference to Figure 2 ) as:
• 20C+, indicates center temperature of the wafer is 900°C where as edge temperature is 920°C.
• 20C-, indicates center temperature of the wafer is 900°C where as edge temperature is 880°C.
• 0°C, indicates temperature of the wafer is uniform at 900°C. When radial temperature gradient is 20C-, deflection of the wafer is higher by ~80 microns compared to the case when the wafer temperature is uniform (Figure 2 ). This is because center region of the wafer attempts to expand radially outwards, which is prevented by the edge of the wafer, which is relatively at a lower temperature. Consequently, the radial components of stress are compressive in nature and the corresponding resolved components of deflection act in the direction of gravity. When radial temperature gradient is 20C+, the deflection of wafer is lower by ~40 microns compared to the case when the wafer temperature is uniform. In this case, the center region of the wafer is being pulled radially outwards by the edge of the wafer. The corresponding radial component stresses are tensile in nature and the resolved components of deflection act against the direction of gravity. Nevertheless, the net deflection is still downwards.
The model predictions are qualitatively comparable with the experimental observations made using a high resolution camera. However, it is observed experimentally that deflections are higher by at least an order of magnitude. It is also observed experimentally that under certain process conditions, the wafer can pop up i.e., deflect against the direction of gravity. However, Figure 2 indicates that all deflections are downwards i.e., along the direction of gravity.
In order to predict the experimentally observed excessive wafer deflections and to understand the wafer pop mechanism, simulation studies are performed by imposing linear axial temperature gradients along the thickness of the wafer. Results of these studies are shown in Figure 3 . It is clear that a 10C+ leads to a deflection of about 450 μm (about 0.45 mm) in the positive (against gravity) direction, and higher temperature gradients of such as 25C+ leads to deflection of about a millimeter. Hence, the wafer pop phenomena is predicted in this simulation study. Finally, Figure 4 shows the axial stress patterns using the azimuthal temperature profile obtained from the thermal analysis, superimposed on the structural model of the wafer, to determine the induced stresses and deflection using large deflection theory. Clearly, the central part of the wafer is under tension, while the edges are under compression. The differences in the magnitudes of the compressive and thermal stresses under different process conditions lead to different magnitudes of wafer deflections. 
Summary
A thermal and structural numerical model for predicting the thermally induced structural deformation and relaxation of silicon wafer is developed. The experimentally observed wafer deflections and wafer pop phenomena have been predicted by the numerical model, specifically under the conditions of steep temperature differences along the thickness of the wafer. Finally, the model helped in providing guidance on process conditions at which the severe wafer deflections can be minimized.
